Abstract. The purpose of the present study was to investigate the clinical significance of BRCA1/BRCA2 DNA repair associated (BRCA1/BRCA2) gene expression in patients with sporadic gastric cancer (GC) who had received postoperative adjuvant chemotherapy. Breast cancer type 1 and 2 susceptibility protein (BRCA1 and BRCA2) expression and BRCA1/BRCA2 mRNA expression were evaluated using immunohistochemistry (IHC) and in-situ hybridization (ISH) on tissue GC microarray tissues, in addition to reverse transcription-quantitative polymerase chain reaction (RT-qPCR). The results were analyzed for clinicopathological associations. A total of 367 cases of sporadic GC (stages II and III) were subjected to BRCA1 and BRCA2 expression analysis, and for BRCA1 and BRCA2 IHC, 360 cases were informative. A total of 61 cases (16.9%) displayed a loss of BRCA1 and 63 (17.5%) displayed a loss of BRCA2. BRCA1 and BRCA2 ISH results were obtained in 364 cases, of which 98 (26.9%) presented with low expression of BRCA1 mRNA and 148 (40.7%) with low expression of BRCA2 mRNA. In 72 of the 367 cases, BRCA1 and BRCA2 mRNA expression levels were assessed using RT-qPCR, of which 50 (69.4%) and 56 (77.8%) displayed low expression of BRCA1 and BRCA2, respectively. Positive IHC expression of BRCA2 was associated with advanced tumor stage; however, BRCA1 expression was not associated with any clinicopathological parameters. Associations between the RT-qPCR and ISH methods were not significant for either BRCA1 or BRCA2. The results of Kaplan-Meier survival analysis with stage subgrouping revealed no significant differences with regard to survival rate. Of the multivariate analyses, neither BRCA1 nor BRCA2 IHC results were independent prognostic factors. In summary, the present study indicated that BRCA1 and BRCA2, as assessed by IHC, may be used as clinicopathological biomarkers to evaluate the prognosis of sporadic GC.
Introduction
According to GLOBOCAN 2018 estimations, gastric cancer (GC) constitutes the sixth most com mon malignancy worldwide (1) . Despite the decline in stomach cancer-associated mortality, its burden remains significant, being the third leading cause of cancer mortality globally. Chemotherapy serves a prominent role in the treatment of advanced-and early-stage cancer. It is therefore paramount to identify prognostic factors to assess patient responses to chemotherapy in GC.
BRCA1 DNA repair associated (BRCA1) mutations comprise risk factors for the development of breast and ovarian cancer; moreover, carriers of BRCA1 germline mutations exhibit a four-to seven-fold increased risk of developing GC compared with the general population (2, 3) . In addition, genetic alterations in the BRCA1 region have been identified in early-onset GC and non-specific sporadic GC (4, 5) ; notably, BRCA1 polymorphism in sporadic GC has been reported to be associated with the response to chemotherapy (6) .
The underlying mechanism of BRCA1/2 loss-of-function mutations in tumorigenesis has been linked to accelerated mutation acquisition in cells, caused by DNA double-strand breaks (DSBs) and impaired homologous recombination. Breast cancer type 1 susceptibility protein (BRCA1) and BRCA2 expression loss results in increased susceptibility to chemotherapeutic agents in patients with breast, ovarian and lung cancer (7) (8) (9) . In vitro, BRCA1-and BRCA2-deficient cells display a hypersensitivity to drugs that induce DNA DSBs, including platinum-based agents (10, 11) . The association of germline BRCA1/2 mutations with sensitivity to platinum-based agents is relatively well established in epithelial ovarian cancer (12) . BRCA1/2 loss of expression may therefore be useful for predicting the efficacy of platinum-based chemotherapy in patients with GC. However, it remains controversial whether BRCA1 protein expression loss is beneficial to the survival of patients with GC (13) (14) (15) . Data associated with the impact of BRCA2 expression in GC is even more limited.
The present study aimed to investigate the role of BRCA1 and BRCA2 gene expression in predicting the efficacy of chemotherapy in patients with GC. BRCA1 and BRCA2 protein and mRNA expression in formalin-fixed, paraffin-embedded (FFPE) samples was evaluated using immunohistochemistry (IHC) and in-situ hybridization (ISH) on tissue microarrays (TMAs), along with reverse transcription-quantitative polymerase chain reaction (RT-qPCR) analysis of the impact of BRCA1/2 expression loss on overall survival (OS) and disease free survival (DFS).
Patients and methods

Patients.
A total of 683 patients with available FFPE tumor specimens were identified, according to the confirmation of a GC diagnosis from Seoul National University College of Medicine (Seoul, South Korea) between January 2010 and December 2011. Among these patients, 365 with stage IIA-IIIC disease who underwent curative resection and available specimens for BRCA1 and BRCA2 IHC analysis were included. The inclusion criteria were as follows: i) Patients with gastric carcinoma tumor >0.5 cm; ii) patients who have primary gastric cancer tissue; and iii) patients with stage II and III GC. The exclusion criteria were as follows: i) Patients with gastric carcinoma tumor <0.5 cm; ii) patients with metastatic tumor tissue only; iii) patients with stage I or IV GC; and iv) patients who underwent palliative surgery. Adjuvant chemotherapy was administered at the discretion of the physician. Clinical data were retrieved from patient medical records, and pathological stage was reassigned according to the American Joint Committee on Cancer staging system, 7th edition (16) . The median follow-up period was 71.8 months. All FFPE tissue samples were obtained from the archive of the Department of Pathology, Seoul National University Hospital (Seoul, South Korea).
The present study was approved by the Institutional Review Board (IRB)/Independent Ethics Committee of Seoul National University Hospital (H-1706-105-860). At the time of resection, consent to perform surgery was obtained from the patients, but consent for the research use of residual tissue was not obtained. The requirement for written consent was waived by the IRB due to the retrospective nature of the present study and the use of anonymous clinical data.
IHC analysis of BRCA1 and BRCA2 expression. BRCA1 and BRCA2 nuclear expression was analyzed using IHC with anti-BRCA1 (cat. no. 07-434; EMD Millipore, Billerica, MA, USA) and anti-BRCA2 (cat. no. MAB2476; R&D Systems, Inc., Minneapolis, MN, USA) antibodies (13) . For IHC, 4-µm tissue sections for TMA were stained using the standard streptavidin-biotin complex method. Sectioning was performed after the specimens were de-paraffinized and rinsed in PBS. The sections were subsequently rehydrated, and antigen retrieval was performed by immersing the slides in 10 mM citrate buffer (pH 6.0, 0.01 M citric acid, 0.01 M sodium citrate) and heating for 10 min in the microwave. The sections were incubated for 30 min with non-immune serum, followed by incubation with primary mouse anti-BRCA1 (dilution, 1:150) and anti-BRCA2 (dilution, 1:500) antibodies for 2 h. Biotinylated secondary antibody (cat. no. BP-1400; ready to use; Vector Laboratories, Inc., Burlingame, CA, USA) was added (300 µl/slide) for 30 min at room temperature, followed by streptavidin (dilution, 1:500), with diaminobenzene (DAB) as the chromogen. All sections were counterstained with hematoxylin (Sigma-Aldrich: Merck KGaA, Darmstadt, Germany) for 10 sec. Normal gastric mucosa samples were used as positive controls and samples not stained with primary antibody represented the negative controls (Fig. 1) .
A modified histochemical score (H-score) was utilized to estimate BRCA1 and BRCA2 expression levels. This score included assessment of the intensity and percentage of positive cell staining. For intensity, a score index of 0, 1, 2, and 3 that corresponded to negative, weak, moderate and strong staining, respectively, was utilized. The percentage of positive cells was scored as 0 to 100. The final score was the product of intensity and positive cell percentage (range, 0-300). Positive expression of BRCA1 and BRCA2 was defined by positive staining in ≥10% of the cancer cells. Positive expression of BRCA1 and BRCA2 was further classified as low and high expression according to the median H-score cut-off of expression. Median H-score was 60 for BRCA1 and 70 for BRCA2.
RNA ISH. In situ detection of BRCA1 and BRCA2 mRNA transcription using the RNAscope kit (Advanced Cell Diagnostics, Hayward, CA, USA) was performed according to the manufacturer's protocol. Housekeeping gene Peptidylpropyl isomerase B (PPIB) was used as an internal-control mRNA; if the PPIB score was 0, the sample was regarded as not available for gene expression. A horseradish peroxidase-based signal amplification system was used for hybridization to the target probes, followed by color development with 3,3'-diaminobenzidine. The slides were counter-stained with hematoxylin for 10 sec at room temperature. Positive staining was determined by brown punctate dots in the nucleus and/or cytoplasm. BRCA1 and BRCA2 expression was scored using the instructions in the RNAscope FFPE assay kit: Score 0, no staining; score 1, staining that was difficult to identify under a 40X objective lens in >10% of tumor cells; score 2, staining that was difficult to identify under a 20X objective lens, but easy under a 40X objective lens in >10% of tumor cells; score 3, staining that was difficult to identify under a 10X objective lens, but easy under a 20X objective lens in >10% of tumor cells; and score 4, easy to identify under a 10X objective lens in >10% of tumor cells.
RT-qPCR.
A total of 110 GC specimens were obtained for mRNA extraction. Of these specimens, RNA from 72 was successfully amplified. Tumor tissue from a representative paraffin block was cut into 10-µm sections, and micro-dissection was utilized to minimize the influence on the surrounding normal tissues. The proportion of tumor cells was ~80%. Total RNA was extracted from the FFPE tumor tissue using the RNeasy FFPE kit (Qiagen GmbH, Hilden, Germany) according to the manufacturer's protocol. Total RNA (1 mg) was reverse transcribed using the GoScript reverse transcription system (Promega Corporation, Madison, WI, USA) according to the manufacturer's protocol.
Template cDNA was amplified using the TaqMan ® gene expression assay (Applied Biosystems, Foster City, CA, USA) and the 7500 PCR system (Applied Biosystems; Thermo Fisher Scientific, Inc.). The 20-µl PCR mixture contained 2X Premix ExTaq (Probe qPCR; Takara Bio, Inc., Otsu, Japan), 1 µl cDNA and 1 µl each of the primers and probes [BRCA1 (Hs01556193_m1), BRCA2 (Hs00609073_m1), and ACTB (Hs99999903_m1) (cat. no. 4331182)]. Amplification was performed in a 96-well optical plate at 95˚C for 30 sec, followed by 45 cycles at 95˚C for 5 sec and 60˚C for 34 sec. The experiment was performed in triplicate, and relative gene expression was calculated according to the comparative Cq method (17) . The final values were determined using the following formula: mRNA expression level=2 -ΔΔCq .
Statistical analysis. All statistical analyses were performed using SPSS statistics 23 software (IBM Corp., Armonk, NY, USA). Differences in clinicopathological parameters according to nuclear BRCA1 and BRCA2 expression were evaluated using the χ 2 test and linear-by-linear association. The minimum, maximum and mean values of relative BRCA1 and BRCA2 mRNA expression were calculated as 2 -ΔΔCq of each gene and plotted in Fig. 2 . OS was defined from initial cancer diagnosis to the time of death (from any cause). Patient survival was analyzed using a Kaplan-Meier plot and the log-rank test. The period of disease-free survival (DFS) was defined as the duration between surgery and disease recurrence, any cause of death prior to disease recurrence, or the most recent follow-up.
Comparison of the methods used to measure BRCA1 and BRCA2 expression levels was performed using the χ 2 test. P<0.05 was considered to indicate a statistically significant difference.
Results
Patient characteristics and clinical outcomes.
In the present study, a total of 367 patient samples were analyzed and baseline characteristics are summarized in Table I . The median age was 62±12.9 years. A total of 253 patients (68.9%) underwent subtotal gastrectomy and 114 patients (31.1%) underwent total gastrectomy. Neoadjuvant chemotherapy was administered to 9 patients. Of the 273 informative cases, 180 (49.0%) received postoperative chemotherapy. The chemotherapy regimen were as follows: Etoposide and platinum agent (n=3); fludarabine and mitoxantrone (n=1); 5-fluorouracil (5-FU), leucovorin (folinic acid) and oxaliplatin (n=1); 5-FU and cisplatin (n= 67); FU (n=12); tegafur, gimeracil, and oteracil potassium (S-1) (n=62); S-1 with cisplatin (n=6); capecitabine and oxaliplatin (n=17); and capecitabine and cisplatin (n=28). Of the 192 informative cases, a platinum regimen was used in 135 patients.
Adjuvant chemotherapy was used by 43.5% of patients (n=77) with stage II disease and in 54.2% (n=103) with stage III disease. In 22% of patients (n=39) with stage II disease and 50% of patients (n=95) with stage III disease, a platinum-based treatment was included in the adjuvant chemotherapy regimen. Histological grades according to WHO classification of well differentiated, moderately differentiated and poorly differentiated were represented by 6.0, 30.0 and 47.1% of patients, respectively. Intestinal type (according to Lauren classification) was observed in 40.3% of patients. Lymphatic, venous and perineural invasion were identified in 67.0, 22.9 and 53.1% of patients, respectively. Relapse occurred in 76 patients (20.7%) and mortality in 102 patients (29.2%) during the median follow-up period of 44.2 months. The 5-year DFS rate was 70.0% and the 5-year OS rate was 66.0%.
A total of 360 of the 367 GC cases were informative for BRCA1 and BRCA2 IHC. A lack of BRCA1 expression was observed in 61 patients (16.9%) and BRCA1-positive expression was observed in 299 patients (83.1%). No clinicopathological parameters were significantly associated with BRCA1 expression status (Table II) . A lack of BRCA2 expression was observed in 63 patients (17.5%) and BRCA2-positive expression was apparent in 296 patients (82.4%). A lack of BRCA2 expression was associated with patient age <45 years (P=0.01), a histological type of signet ring cell carcinoma (P<0.001) and a Lauren classification of diffuse type (P<0.001).
Prognosis according to BRCA1 and BRCA2 expression.
Following Kaplan-Meier analysis, neither BRCA1 nor BRCA2 (as evaluated by IHC) had any significant impact on the OS or DFS of patients with stage II/III GC. Total patient and subgroup analyses of DFS and OS did not highlight any significant differences between patients who received adjuvant chemotherapy and those who did not (Fig. 2) . The benefits of adjuvant chemotherapy and platinum regimens were not statistically significant, although platinum-treated (Table IV) .
BRCA1 and BRCA2 mRNA and protein expression. Positive BRCA1 IHC staining was observed in the cytoplasm and nuclei of tumor cells, whereas BRCA2 was only detected in the cytoplasm of GC cells (Fig. 1) . A lack of BRCA2 expression has been associated with advanced Tumor-Node-Metastasis (TNM) stage. BRCA1 and BRCA2 mRNA from 72 of the 110 cases were successfully amplified using RT-qPCR (Fig. 3) . Comparisons between the IHC, ISH and RT-qPCR results were made by pairwise tabulation of BRCA1 and BRAC2 ISH scores in columns, and BRCA1 and BRAC2 IHC, and BRCA1 and BRAC2 RT-qPCR in rows ( Table V) . The results demonstrated a significant association between BRCA1 mRNA expressions measured by RT-qPCR and ISH score (P=0.009) and between BRCA2 mRNA expressions measured by RT-qPCR and ISH score (P=0.051).
Discussion
BRCA1, an essential component of numerous DNA damage repair pathways, and pathways involved in cellular responses to microtubule damage, is considered to be a differential modulator of cancer survival following treatment with cisplatin and taxanes. In particular, preclinical and clinical studies have reported that BRCA1 expression level is associated with cisplatin and taxane chemosensitivity (13) . Moreover, germline mutations in BRCA1 and BRCA2 are detected in 14.5% of serous ovarian carcinomas. However, in epithelial ovarian cancer, a more favorable prognosis has been demonstrated for those with BRCA1 and BRCA2 mutations (4). Although the mechanism driving the association between BRCA1/2 mutations and survival is not known, it has been suggested that the survival advantage of mutation may be mediated by an improved response to platinum-based agents (5) .
Improved practical methods to determine BRCA1 and BRCA2 mRNA and protein expression are currently required. Therefore, the present study utilized IHC, ISH and RT-qPCR to detect BRCA gene expression in FFPE GC tissues, and evaluated the clinical relevance of these genes in sporadic GC. In breast and ovarian cancer, it has been illustrated that mRNA expression of BRCA1 and BRCA2 has prognostic value and clinical impact in terms of chemotherapeutic response (18) . From the identification of a reliable antibody for BRCA1 protein IHC through the evaluation of the specificity and sensitivity of available anti-BRCA1 antibodies (19), BRCA1 expression was revealed to be associated with certain molecular events in ovarian high-grade serous carcinomas, with no cases of BRCA1 germline mutation displaying intact immunostaining (negative predictive value, 100%) (20) . Moreover, IHC analysis is considered the most effective approach to stratify patients with high-grade serous ovarian carcinoma for germline genetic testing (20) . By contrast, the frequency of BRCA1 mutations among patients with breast cancer is <5% (21) , whereas the loss of BRCA1 protein expression is ~20% (22) . From a clinical perspective, IHC is also the most accurate method for identifying the loss of gene expression. In the present study, although no significant association was identified between methods, the findings verified that IHC determination of BRCA protein expression represents a suitable method of detection in GC specimens. Moreover, IHC evaluation of BRCA2 expression levels was more clinically significant when compared with BRCA1. By contrast, other studies have illustrated that BRCA1 expression (evaluated by IHC) is more closely associated with clinical outcome (2,13,23). Previously, Wang et al (23) studied a large cohort of patients with cancer of the digestive system, including 627 stomach, 442 intestinal, 255 liver and 222 pancreatic cancer cases. BRCA1 and BRCA2 expression was determined using IHC, and associations between clinicopathological parameters and patient survival were determined. The study revealed downregulation of cytoplasmic BRCA1 and BRCA2, and upregulation of nuclear BRCA1 in digestive tumors. Low expression levels of cytoplasmic BRCA1 and BRCA2, and high expression levels of nuclear BRCA1 were commonly associated with advanced TNM stage. Cytoplasmic BRCA1 and BRCA2 were independent favorable prognostic factors in gastric, colorectal and liver cancer, and nuclear BRCA1 expression was an independent prognostic factor predicting poor outcome in all of the cancer types investigated.
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By contrast, the present study involved 367 cases of gastric cancer, and the IHC data were limited to revealing a relatively close association between a lack of BRCA2 expression and higher T stage. One of the aims of the study was to evaluate the efficiency of the ISH method in determining BRCA1 and BRCA2 mRNA expression levels in GC tissues, when compared with RT-qPCR. Although not statistically significant, a link between BRCA1 expression levels determined by ISH and RT-qPCR was demonstrated.
A number of studies used fresh tissues to quantify BRCA1 mRNA expression levels with RT-qPCR (14, 18) , although there is no evidence of previous studies performing a paired evaluation of BRCA1 mRNA using ISH and RT-qPCR (24) . Due to the effects of FFPE processing, the present study was limited in terms of mRNA quality; BRCA1 and BRCA2 mRNA were successfully amplified in only 72 of the 110 submitted cases, which was considered to have influenced the lack of statistical significance between the results generated using ISH and RT-qPCR.
BRCA1 protein is known to serve as a therapeutic target for DNA-damaging chemotherapy in breast, ovarian and lung cancer treatment (25, 26) . The loss or reduction of BRCA1 mRNA and protein expression has been demonstrated in sporadic breast cancer, and its prognostic significance has been reported (24, 27) . Other DNA repair-associated biomarkers include ataxia telangiectasia mutated (ATM), ATM-Rad3-related gene, mediator of DNA damage checkpoint protein 1 and meiotic recombination 11 (12) along with DNA repair-associated biomarkers induced by alcohol, including transcription factor IIB-related factor 1 and myeloperoxidase (28) . In non-small cell lung cancer and GC patients with malignant effusions, excision repair cross-complementing group 1 and BRCA1 mRNA expression levels correlated with in vitro chemosensitivity to cisplatin and/or docetaxel (4).
BRCA1 and BRCA2 serve multi-aspect roles in a number of DNA repair pathways, including those involved in homologous recombination, non-homologous end joining and single-strand annealing. During homologous recombination, BRCA1 acts as a linker between the detection of DNA damage and the effectors that execute DSB repair (29) , whereas BRCA2 primarily triggers DSB repair through its interaction with DNA repair protein RAD51 homolog 2 (30) . When the homologous recombination pathway is impaired, DSBs can result in genomic instability, which further predisposes individuals to cancer.
In the present study, the loss of BRCA1 and BRCA2 expression correlated with certain clinicopathological parameters in a cohort of Korean patients. The effects of platinum-based agents in postoperative adjuvant chemotherapy was also evaluated. During conventional adjuvant chemotherapy, platinum-based agents are administered to patients at higher clinical stages who are at a higher risk. However, no statistical significance was demonstrated between the expression of BRCA1 or BRCA2 and survival outcome. The retrospective nature of the study was also somewhat limiting, and a randomized prospective study is required to remove confounding factors and subsequent bias.
In conclusion, the present study revealed that BRCA1 and BRCA2, as evaluated by IHC, constitute clinically useful biomarkers for the detection of sporadic GC. A randomized prospective clinical trial is necessary to evaluate the effects of Treatment  II+III  II  III  II+III  II  III  II+III  II  III  II+III  II Censoring of BRCA1 IHC-positive (n=23) was 100%. BRCA1/2, breast cancer type 1 and 2 susceptibility protein; OS, overall survival; DFS, disease-free survival; IHC, immunohistochemistry. Table IV . Multivariate analysis of factors associated with DFS and OS. BRCA1 and BRCA2 expression on therapeutic sensitivity, and the benefits of adjuvant chemotherapy or platinum regimens in patients with GC. 
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